Biogas production is a key renewable energy pathway for a more sustainable future bioeconomy. However, there is a crucial trade-off between biomass productivity and social-ecological sustainability of available biogas cropping systems. Permanent grassland has been frequently promoted as a promising perennial cropping system for biomass production. Three-and four-cut regimes are usually the highest-yielding and thus preferable for biogas production. A three-year field trial in southwest Germany investigated biomass yield and biochemical composition of mesotrophic Arrhenatheretum grassland under three cutting regimes (two-, three-and four-cut). For the three-cut regime, a preliminary biogas batch test was conducted. The three-cut regime had the highest annual accumulated dry matter yield (11.8-14.8 Mg ha −1 ), an average specific methane yield of 0.289 m 3 N kg −1 volatile solids −1 and an accumulated annual methane yield of 3167-3893 m 3 N ha −1 . The four-cut regime performed least favorably due to a lower dry matter yield than the three-cut regime, the highest ash content and the highest nitrogen content. Thus, the three-cut regime promises the best yield performance, whereas the two-cut regime can potentially provide more ecosystem services such as biodiversity conservation and wild-game protection. Consequently, the two-cut regime could help improve the social-ecological sustainability of biogas crop cultivation.
Introduction
Grassland-based provision of biomass for bioenergy offers the opportunity to reduce the trade-off between climate change mitigation and biodiversity conservation [1] [2] [3] [4] [5] . In general, permanent grassland (PGL) is used as feed for dairy cattle, beef cattle and other ruminants [6] [7] [8] . However, the sufficiency of PGL as feed source for animal production is limited [9] . Together with other species-rich perennial systems such as perennial wild plant mixtures [10] [11] [12] [13] , PGL-in particular grassland mixtures [14] -are considered promising cropping systems for an environmentally more sustainable biomass supply of biogas substrate [15, 16] .
Grassland can provide regulating services such as biodiversity conservation, erosion reduction and greenhouse gas mitigation [17] . In extensively managed hay meadows, fertilization (nitrogen, phosphorus and potassium) leads to reduced species richness due to the promotion of tall-growing grasses [18] . Likewise, a deviation from traditional cutting dates can reduce biodiversity and lead to a loss of important ecosystem services [19] . For example, species-rich Arrhenatherion meadows are protected within the Natura 2000 network because they serve as habitat for many plant and animal species. To preserve the habitat function of these Arrhenatherion meadows, a two-cut regime and an extensive fertilization every two years are recommended [20] . In this case, the time of the first cut can be crucial for the botanical composition [21] .
The use of PGL for biogas production has become increasingly attractive to farmers [22, 23] , whereby various management scenarios are possible. For example, as the number of farms with livestock husbandry decreases [24] , biogas provides a suitable option for the use of grasslands no longer needed for feed. Those farms with livestock husbandry frequently use the late summer and autumn growths of low quality that are not required for feeding purposes in biogas plants [25] . The biogas substrate quality of PGL also decreases towards anthesis in summer [22] . Depending on the site conditions, fertilization with digestates can have a considerable environmental advantage compared to mineral fertilizers. However, the use of digestates is less efficient in PGL than annual cropping systems in terms of biomass yield and nitrogen recovery [26] [27] [28] [29] [30] . This could impede the use of intensively managed PGL cutting regimes, even though they enable a higher accumulated methane yield per hectare (MYH) than less intensive cutting regimes [22, 31, 32] .
The quality of PGL as biogas substrate, represented here by the substrate-specific methane yield (SMY), greatly depends on the management scenario. Generally, the SMY of PGL ranges from 0.164 to 0.443 m 3 N kg −1 volatile solids −1 (VS) (on average 0.310 m 3 N kg −1 VS −1 ) [33] . This wide variation is mainly caused by the harvest date [34] [35] [36] . The later the harvest, the higher the amount of non-digestible biochemical components such as lignin and cellulose in the PGL biomass [22, 34, 37] . Another reason for the high SMY variance is the differing species composition of the PGL [22] . As a harvest delay may increase the fresh matter yield but also reduce the biogas substrate quality [15, 38] , more information is required on the biogas potentials of PGL under different cutting regimes [22] .
This study aims at optimizing the use of PGL for biogas production. For this purpose, yield and quality parameters of three PGL cutting systems were investigated. Both annual means and cut-specific values were determined and discussed.
Materials and Methods
A PGL field trial with three cutting regimes was initiated in 2013 at the experimental station 'Ihinger Hof' near Renningen (southwest Germany) [39] and conducted over three years (2013) (2014) (2015) . Prior to establishment of the trial, the PGL was a mesotrophic Arrhenatheretum grassland (traditional hay meadow) managed in a non-fertilized two-cut regime. The field trial design was a randomized block design with four replicates (Figure 1 ). The basic soil characteristics of the site are shown in Table 1 , and weather conditions in Figure 2 .
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The quality of PGL as biogas substrate, represented here by the substrate-specific methane yield (SMY), greatly depends on the management scenario. Generally, the SMY of PGL ranges from 0.164 to 0.443 m 3 N kg −1 volatile solids −1 (VS) (on average 0.310 m 3 N kg −1 VS −1 ) [33] . This wide variation is mainly caused by the harvest date [34] [35] [36] . The later the harvest, the higher the amount of nondigestible biochemical components such as lignin and cellulose in the PGL biomass [22, 34, 37] . Another reason for the high SMY variance is the differing species composition of the PGL [22] . As a harvest delay may increase the fresh matter yield but also reduce the biogas substrate quality [15, 38] , more information is required on the biogas potentials of PGL under different cutting regimes [22] .
This study aims at optimizing the use of PGL for biogas production. For this purpose, yield and quality parameters of three PGL cutting systems were investigated. Both annual means and cutspecific values were determined and discussed.
A PGL field trial with three cutting regimes was initiated in 2013 at the experimental station 'Ihinger Hof' near Renningen (southwest Germany) [39] and conducted over three years (2013) (2014) (2015) . Prior to establishment of the trial, the PGL was a mesotrophic Arrhenatheretum grassland (traditional hay meadow) managed in a non-fertilized two-cut regime. The field trial design was a randomized block design with four replicates (Figure 1 ). The basic soil characteristics of the site are shown in Table 1 , and weather conditions in Figure 2 . [40] ; b N min = mineral nitrogen, here from 0-90 cm soil depth; c Supply level D (high) [41] ; d Supply level C (medium) [42] ; e Supply level E (very high) [43] .
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Fertilization and Harvest Management
All cutting regimes received the same initial dosage of mineral nitrogen fertilizer (60 kg ha −1 ) in spring each year ( Table 2 ) and then 30 kg nitrogen ha −1 immediately after each harvest, except for the last harvest in October ( Table 2 ). In addition, all regimes were uniformly fertilized with phosphorus, potassium, magnesium and sulfur in 2013, 2014 and 2015 as shown in Table 3 . 
All cutting regimes received the same initial dosage of mineral nitrogen fertilizer (60 kg ha −1 ) in spring each year ( Table 2 ) and then 30 kg nitrogen ha −1 immediately after each harvest, except for the last harvest in October ( Table 2 ). In addition, all regimes were uniformly fertilized with phosphorus, potassium, magnesium and sulfur in 2013, 2014 and 2015 as shown in Table 3 . Table 2 . Harvest dates (1 = first cut; 2 = second cut; 3 = third cut; 4 = fourth cut) and nitrogen fertilizer applications conducted within the three cutting regimes (two-cut, three-cut and four-cut) each year 2013-2015. Harvest was conducted multiple times each year according to the number of cuts and best practice for grassland harvest date determination. The variation in harvest date determination over the years was ±10 days ( Table 2 ). Details of harvest dates are given in Table 2 . For the determination of the fresh matter yield (FMY) in Mg ha −1 , plant samples were harvested by hand from of 1-m 2 subplots. The rest of each plot was harvested using a forage harvester (Haldrup, Logstor, Denmark) immediately afterwards. From each plot, a sub-sample of about 500 g fresh matter was weighed, dried at 60 • C till constant weight, and then weighed again to determine the dry matter content (DMC) in percent of fresh matter. The dry matter yield (DMY), in Mg ha −1 , was calculated as shown in Equation (1):
Two-cut
(1)
Fiber Analysis and Preliminary Biogas Batch Test
The fiber analysis and the preliminary biogas batch test were conducted according to Von Cossel et al. (2017) [39] . Whereas, the preliminary biogas batch test was conducted with milled subsamples of the dry matter samples under mesophilic conditions (39 • C) according to VDI directive 4630 [44] . Here, 200 mg milled (<1 mm) VS from the plant samples of the three-cut regime were mixed with 30 g inoculum (4% DMC, originating from a farm biogas plant) in 100-ml airtight bottles and kept in water baths ( Figure 3 ) at 39 • C for 35 days.
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The fiber analysis and the preliminary biogas batch test were conducted according to Von Cossel et al. (2017) [39] . Whereas, the preliminary biogas batch test was conducted with milled subsamples of the dry matter samples under mesophilic conditions (39 °C) according to VDI directive 4630 [44] . Here, 200 mg milled (<1 mm) VS from the plant samples of the three-cut regime were mixed with 30 g inoculum (4% DMC, originating from a farm biogas plant) in 100-ml airtight bottles and kept in water baths ( Figure 3 ) at 39 °C for 35 days. For each sample, there were four replicates in the batch test. Gas was collected on the third, 10 th , 22 nd and last day of the batchtest (day 35). The gas production was measured via pressure increase using an HND-P pressure meter (Kobold Messring GmbH, Hofheim, Germany). The frequency of these measurements decreased towards the end of the batch test, because the biogas production also decreases. The pressure increase was measured on a daily basis until day 7, every second day until day 17, and then every third day until the end of the batchtest, resulting in a total of 19 measurements. For each of these measurements, the surrounding atmospheric pressure was also documented to standardize the values (norm conditions: 0 °C and 1013 hPa). The accumulated substrate-specific biogas yield (SBY) was related to the biogas production of the control (inoculum without plant material) and the daily atmospheric pressure of the lab in which the batch test was conducted. The methane content (MC) of the collected biogas was determined using a GC-2014 gas chromatograph (Shimadzu, Kyoto). The substrate-specific methane yield (SMY), in m 3 N kg −1 VS −1 , was calculated using Equation (2):
The biochemical composition (lignin, cellulose, hemicellulose and ash) of the biomass samples was measured according to Von Cossel et al. (2017) [39] . For each sample, there were four replicates in the batch test. Gas was collected on the third, 10 th , 22 nd and last day of the batchtest (day 35). The gas production was measured via pressure increase using an HND-P pressure meter (Kobold Messring GmbH, Hofheim, Germany). The frequency of these measurements decreased towards the end of the batch test, because the biogas production also decreases. The pressure increase was measured on a daily basis until day 7, every second day until day 17, and then every third day until the end of the batchtest, resulting in a total of 19 measurements. For each of these measurements, the surrounding atmospheric pressure was also documented to standardize the values (norm conditions: 0 • C and 1013 hPa). The accumulated substrate-specific biogas yield (SBY) was related to the biogas production of the control (inoculum without plant material) and the daily atmospheric pressure of the lab in which the batch test was conducted. The methane content (MC) of the collected biogas was determined using a GC-2014 gas chromatograph (Shimadzu, Kyoto). The substrate-specific methane yield (SMY), in m 3 N kg −1 VS −1 , was calculated using Equation (2):
Statistical Analysis
The biochemical composition (lignin, cellulose, hemicellulose and ash) of the biomass samples was measured according to Von Cossel et al. (2017) [39] .
The statistical analysis of the biogas batch test was conducted in accordance with Von Cossel et al. (2017) [39] . The model for analyzing the effects of the cutting regimes on both DMY and fiber contents is given in Equation (3):
where µ denotes the intercept and e i the error of observation with cutting regime specific variance. ϕ j , τ i and (τϕ) ij are the fixed effects for the j th year, the i th cutting regime and their interaction effects.
Here, e ij is the error of observation γ ij with cutting regime-specific variance. For the analysis of cut-specific data, Equation (4) was applied:
where ω k and (ϕω) jk denote the fixed across-year and year-specific effect of the k th cut number. (τω) ik denote the fixed cutting regime-specific effects of the k th cut number, and (τϕω) ijk the interactions of the i th year, the j th cutting regime and the k th cut number. Here, e ijk is the error of observation γ ijk with cutting regime and cut-number-specific variance. Random row and column effects are included in the model if they decreased the Akaike information criterion (AIC) [45] . These analyses were run using the PROC MIXED procedure of the SAS ® Proprietary Software 9.4 TS level 1M5 (SAS Institute Inc., Cary, N.C., USA). Both degrees of freedom and standard errors were approximated using the Kenward-Roger method [46] .
Results
Yield and quality parameter results are presented in two sub-sections:
1.
accumulated annual values (yield) and mean values (quality parameters) for each cutting regime and year.
2.
values for the individual cuts of each cutting regime and year.
Accumulated Yield and Mean Quality Parameter Values per Cutting Regime and Year
For the dry matter yield (DMY), the dry matter content (DMC) and the lignin content, a significant interaction was found between cutting regime and year (Table 4 ). For this reason, the accumulated DMY is shown for each cutting regime and year (Figure 4 ). Table 5 presents the DMC and lignin content values averaged across cuts for each cutting regime and year. The other quality parameters were also included in Table 5 for clarity reasons.
In 2013, the two-and three-cut regimes yielded highest, and the four-cut regime lowest (significantly lower than the three-cut regime) ( Figure 4 ). Both the two-and three-cut regime showed a tendency for accumulated DMY to decrease from 2013 to 2015. This can be seen by significant differences between the years within the cutting regimes (Figure 4 ). For the four-cut regime, no clear trend was observed ( Figure 4 ). This is also true of the relation between the DMYs of the individual cuts: In the three-cut regime, the DMY of the second cut is higher than that of the third cut each year, while in the four-cut regime it varies considerably (Figure 4 ).
For the methane yield performance, a preliminary biogas batch test revealed a similar trend as was shown for the DMY within the three-cut regime ( Figure A1 ). The accumulated MYH decreased over time with significant differences between 2013 and 2015 ( Figure A1 ). Table 4 . Fixed effects (* = p < 0.05, ** = p < 0.01, *** = p < 0.001) for yield and quality parameters per cutting regime and year across cuts.
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Year Agriculture 2019, 9, 199 7 of 17 differences between the years within the cutting regimes (Figure 4 ). For the four-cut regime, no clear trend was observed (Figure 4 ). This is also true of the relation between the DMYs of the individual cuts: In the three-cut regime, the DMY of the second cut is higher than that of the third cut each year, while in the four-cut regime it varies considerably (Figure 4 ). Table 8 ). The error bars show standard errors for accumulated DMY. Identical uppercase letters denote non-significant (p < 0.05) differences between cutting regimes within years; identical lower-case letters denote non-significant differences between years within treatments. Table 8 ). The error bars show standard errors for accumulated DMY. Identical upper-case letters denote non-significant (p < 0.05) differences between cutting regimes within years; identical lower-case letters denote non-significant differences between years within treatments. Identical letters denote non-significant differences between cutting regimes within years (upper-case letters) and between years within treatments (lower-case letters) (p < 0.05). a not assessed.
Cut-Specific Values per Cutting Regime and Year
For all cutting regimes, there was a significant interaction effect of year and cut number on both dry matter yield and dry matter content (Table 6 ). Furthermore, both year (2013-2015) and cut number (1-3) had significant (non-interactive) effects on the biochemical components ash, lignin, cellulose, hemicellulose and nitrogen (Tables 6 and 7) . Table 6 . Fixed effects (* = p < 0.05, ** = p < 0.01, *** = p < 0.001) for cut-specific yield and quality parameters of the three-cut regime.
Parameter
Year Within the three-cut regime, there was a significant interaction between the year and the cutting regime (Table 6 ). Across years, the cut-specific MYH ranged from 438.2 m 3 N ·ha −1 (second cut in year 2015) to 2338.4 m 3 N ·ha −1 (first cut in year 2015) ( Table 8 ). Whereas the cut-specific SMY ranged from 0.281 m 3 N ·kg −1 ·VS −1 to 0.297 m 3 N ·kg −1 ·VS −1 , and no significant differences were found for the methane content of the biogas produce (Tables 6 and 8 ). 
Discussion
The basic findings of this study are that a medium cutting frequency (three cuts) leads to the highest DMY, with the DMY of the first cut being similar in all cutting regimes. Based on these basic findings, it can be expected that the medium cutting frequency also enables the highest MYH, because the DMY is known to be the major determinant for the MYH [39] . This is in line with the findings of Benke and Elsaesser (2009) [23] , who investigated grassland performance under similar soil and weather conditions. However, this has not been reported so far for mesotrophic Arrhenatheretum grassland under the specific environmental conditions of the region around Renningen, Southwest Germany. The trend of decreasing accumulated DMY within cutting regimes over the years (Figure 4 ) could be explained by the negative climatic balance in the years 2014 and 2015 ( Figure 2) . Accordingly, the accumulated MYH of the three-cut regime also decreased over time. This also indicates that the DMY is the most important determinant for the MYH.
The SMY of the three-cut regime ( Figure A1 ) is similar to that of other alternative biogas crops such as amaranth [39] , miscanthus [47] , cup plant [48] [49] [50] [51] , and wild plant mixtures [10, 11] . However, there are large differences in the biochemical composition of grassland and the other biogas substrates [33, 52, 53] (Table 4 ). First, the contents of ash and lignin are lower in grassland biomass than in amaranth [39, 54] , cup plant [11, 48, 51] , miscanthus [33, 47, 55, 56] and wild plant mixtures [10] . Second, the nitrogen content is higher in grassland than other perennial cropping systems due to the less-advanced maturity of the grassland stands at harvest. For all cutting frequencies, the nitrogen content of the subsequent cuts is higher, because in summer months plant-available nitrogen supplies in the soil increase and growth rates decrease. A comparison of the two-and four-cut regimes shows the extent to which the nitrogen content can be decreased by delaying the second cut (Table 8 ). In protein-rich substrates, nitrogen can accumulate in the fermenter, leading to the release of ammonia, which inhibits microbial activity [15] .
As the fiber fractions (lignin, cellulose and hemicellulose) do not differ significantly between the three-and four-cut regime ( Table 5) , it is to be expected that the SMY yields will also be similar. This is because, there is a strong correlation between lignocellulosic composition and SMY of grassland biomass [33, 57] . However, the ash contents are significantly higher in the four-cut regime than in the three-cut regime. As the ash content negatively affects the SMY [33] , the SMY of the four-cut regime is expected to be lower than the three-cut regime. The higher ash content in the four-cut regime can be explained by the decreasing maturation of grassland when cut in spring, summer or autumn. In the literature, a dry matter content not lower than 28% is recommended to allow for successful ensiling of the biogas substrate [39, 58, 59] , making pre-wilting before ensiling standard procedure for grassland biomass. The estimated methane yields of the four-cut regime was similar or even lower to that of the three-cut regime, that of the two-cut regime was significantly lower due to significantly lower DMY (Figure 4 ).
As the PGL was managed without fertilization in a two-cut regime for a long period prior to the field trial, the results should be interpreted carefully. The previous management may have influenced the PGL species community and thus its ability to adapt to higher cutting frequencies.
PGL is known to develop species compositions best adapted to both cutting regime and site-specific conditions [14] . The effects of the cutting frequency on the species community were not assessed in this study. However, it can be assumed that there was no site-specific limitation to the development of high-yielding PGL species communities, because (i) the soil characteristics (Table 1 ) meet the requirements of intensively managed PGL [15, 20] , and (ii) the climatic conditions were also very suitable for PGL ( Figure 2) [15, 32] . The average annual precipitation of 739 mm is sufficient for two-cut grasslands with corresponding species composition [15, 32] . With more frequent cutting, an at least temporary limitation to growth is to be expected through water shortage, as the stands require a more uniform water supply [32] . This is due to the fact that the rooting depth of grassland species decreases with increasing cutting frequency, and consequently water demand increases [60] . Additionally, a well-adapted four-cut regime may require more time to develop than that of the study period. Therefore, it remains unclear whether a three-cut regime would still outperform the four-cut regime in the long term. This is especially relevant because an increased frequency of extreme weather events such as droughts and heavy rain is projected for European grassland areas [61] [62] [63] [64] [65] and therefore their management needs to become less intensive with regard to cutting frequencies.
The mean nitrogen removal with the biomass was approximately 136 (two-cut regime), 247 (three-cut regime) and 306 kg ha −1 year −1 (four-cut regime) and thus 46, 127 and 156 kg ha −1 year −1 higher than the fertilization. This is a well-known phenomenon in grassland systems due to nitrogen fixation by leguminous species and nitrogen being supplied by other sources such as the soil. An increased cutting frequency results in a higher nitrogen level of the entire system and an increased risk of unwanted losses, in particular through the recycling of nitrogen to grassland by digestate application. Therefore, from an ecological viewpoint, a low cutting frequency is to be recommended.
Since the quality requirements for biogas substrates are lower than for animal feed, a higher cutting frequency is more suitable for biogas production than for animal feed [15] . However, the use of grassland of lower quality (e.g., higher contents of cellulose and lignin) in biogas plants increase the dwell time of the substrate in the fermenter [15] . A study by Guetzloe et al. (2014) [32] found the highest GHG substitution potential of biogas from grassland to be achievable with lower cutting frequencies.
The results indicate that a three-cut regime could have the highest potential biogas yield and at the same time more favorable ecological functions than a four-cut regime. With a two-cut regime, lower SMY and technical problems in the biogas plant can be expected due to higher fiber contents. On the other hand, the two-cut regime may be more desirable than the three-cut regime in social-ecological terms such as biodiversity conservation and wild game protection [21] . The first cut of the two-cut regime can be late enough to accommodate the whole of the open land animals' breeding season, thus helping to reduce wild game losses during harvest [66] . Moreover, grassland diversity is expected to increase with decreasing cutting frequency [21] . This is because more grassland species (grasses, forbs and legumes) are able to reproduce and remain part of the grassland vegetation for longer [67] .
Grasslands with high plant diversity also enable higher biomass productivity in the long term than less diverse grasslands [68] . However, the importance of higher species diversity for the resilience [69] of the grassland system is currently the subject of controversy [8, 70] , especially in view of the expected severe effects of climate change on agriculture [62, 63, 71, 72] .
Conclusions
This study compared the biomass yield performance of mesotrophic Arrhenatheretum grassland under three different cutting regimes (two-, three-, four-cut) in Renningen, Southwest Germany. In addition, the biochemical composition (lignocellulosic composition, ash and nitrogen content) was determined for all cutting regimes. The substrate-specific methane yield and the methane yield per hectare were determined for the three-cut regime only. Both the two-and three-cut regimes were found to be potentially suitable for biogas production depending on the site conditions. While the three-cut regime promises the highest long-term accumulated dry matter yields, the two-cut regime provides more ecosystem services in terms of biodiversity conservation and wild game protection. Figure A1 . Results from the preliminary biogas batch tests: accumulated annual methane yields (MYH) of the three-cut (3CT) regime of permanent grassland. For the two-(2CT) and four-cut (4CT) regimes, no biogas batch tests were conducted. The average MYH of the first, second and third cut are indicated by different colors (Standard errors and significant differences are provided in Table 8 ). The error bars show standard errors for accumulated MYH per year; identical letters denote non-significant (p < 0.05) differences between years.
